We have isolated a tripotential glial precursor cell population from spinal cords of E13.5 rats. In vitro, these A2B5 ؉ E-NCAM ؊ glial-restricted precursor (GRP) cells can undergo extensive self-renewal, and can differentiate into oligodendrocytes and two distinct astrocyte populations, but do not differentiate into neurons. The differentiation potential of GRP cells is retained through at least three cycles of expansion and recloning. Unlike oligodendrocyte-type 2 astrocyte progenitor cells, freshly isolated GRP cells do not respond to platelet-derived growth factor as a mitogen or survival factor, nor do GRP cells differentiate into oligodendrocytes-or even survive-when plated in mitogen-free chemically defined medium. Exposure to fetal calf serum induces GRP cells to differentiate into A2B5 ؊ fibroblast-like astrocytes, whereas growth in the presence of basic fibroblast growth factor and ciliary neurotrophic factor induces the generation of A2B5 ؉ process-bearing astrocytes. The early appearance of GRP cells during spinal cord development suggests that they may represent the earliest GRP cell population.
Relatively little is known about the developmental origins of glial cells, which represent 90% of the cells in the central nervous system (CNS). In vivo labeling of dividing precursor cells with retroviruses has indicated the existence of cells that only generate astrocytes, cells that generate oligodendrocytes and astrocytes, and cells able to generate neurons and glial cells (1) (2) (3) . The identity and biological properties of the cells that give rise to the different kinds of glia, however, are understood poorly. How many classes of glial precursor cells exist, their time of appearance during development, their potential for generating more than a single cell type, and their lineage relationships to each other all remain to be defined.
The best defined glial precursor cell is the A2B5 ϩ O-2A progenitor cell (4-7), which initially was isolated from optic nerves of late embryonic and postnatal rats. Oligodendrocytetype 2 astrocyte (O-2A) progenitor cells can differentiate in vitro into oligodendrocytes and a particular kind of astrocyte called the type 2 astrocyte. O-2A progenitor cells also can be induced to undergo self-renewal in vitro: growth in the presence of platelet-derived growth factor (PDGF) is associated with both self-renewal and the generation of oligodendrocytes (8) (9) (10) , whereas O-2A progenitor cells grown in the presence of PDGF ϩ basic fibroblast growth factor (bFGF) undergo continuous self-renewal in the absence of differentiation (11) . Cells with at least some of the characteristics of O-2A progenitor cells have been described in cultures isolated from corpus callosum, cortex, cerebellum, and spinal cord (12) (13) (14) (15) . In addition, an A2B5 Ϫ pre-O-2A progenitor cell has been described in cultures of rat cortex (16, 17) , but relatively little is known about its biology.
In addition to glial precursor cells able to make oligodendrocytes, astrocyte-restricted precursor cells also have been described. For example, the earliest glial cells to appear during development of the optic nerve-an astrocyte population called ''type 1'' astrocytes-appear to arise not from O-2A progenitor cells but instead from a separate precursor cell population (18) (19) (20) . Studies on the developing spinal cord have suggested that astrocyte precursor cell populations may be quite complex, in that this tissue alone may contain five distinct types of astrocytes (21) ; whether these phenotypes all arise from a single precursor cell or from multiple glial lineages is not known yet. Within the spinal cord, Miller and colleagues (22) also have described an A2B5 ϩ astrocyte-specific precursor cell, which generates a distinctive A2B5 ϩ astrocyte population. Relatively little is known, however, about the biological properties of astrocyte-restricted precursor cells themselves.
One of the important challenges in understanding CNS development is to determine how the different glial lineages discussed above are interrelated. One important step in understanding these relationships will be to identify and characterize the earliest glial-restricted CNS precursor cells. Thus far, however, studies on the biology of glial precursor cells have been carried out predominantly on developmental ages removed by several days or more from the earliest stages of CNS development. Little is known, therefore, about the properties of the earliest precursor cells that might be committed to the generation of glia. In the present studies, we have defined the earliest CNS precursor cell yet identified that appears to be restricted in its developmental potential to glial differentiation. These cells are present in the E13.5 rat spinal cord. Analysis of antigenic phenotype, differentiation potential, and response to inducers of differentiation demonstrate this cell to be a precursor cell, which has not been characterized previously. Developmental studies raise the possibility that this newly defined precursor cell population may be the earliest spinal cord-derived cell committed to the generation of CNS glia.
cells that adhered readily to tissue culture plastic, were removed from the cell suspension by immunopanning with an anti-E-NCAM antibody (23) (24) (25) . The remaining cell suspension, consisting of 30% A2B5 ϩ cells, was enriched to Ͼ98% purity by positive selection on immunopanning dishes coated with A2B5 antibody (23) (24) (25) . Cells were then scraped off and plated at clonal density directly on fibronectin͞laminin-coated (23, 26) grid dishes or at higher density on 12-well tissue culture plates.
For clonal analysis, cells on grid dishes were stained after 24 hr with A2B5 antibody and phycoerythrin-conjugated second layer, and wells with a single, positive cell were marked. At this time point, Ͼ90% of the cells were viable, and all of the cells viable at this time point generated clones. These cells were followed for 5-10 days in conditions indicated in Results and then labeled as indicated in Results.
For recloning experiments, immunopurified E13.5 cells were grown in PDGF ϩ bFGF for 3 days and then replated at clonal density on five grid dishes and cultured in the presence of PDGF ϩ bFGF. After 5 days, grid dishes were scored for the number of clones. From each grid dish, clones were selected randomly and a single clone was dissociated sterilely by trituration with a fine Eppendorf pipette tip, followed by further trituration in 1 ml of medium through a 25-g needle. This solution of 1 ml was then replated on five separate cloning dishes. From these five secondary dishes, one clone was selected randomly after 5 days and the process was repeated to yield tertiary clones.
Immunocytochemistry. Staining procedures were as described (23) (24) (25) (26) . Anti-galactocerebroside (GalC; ref. 
RESULTS E 13.5 Rat Spinal Cord Contains A2B5
؉ Immunoreactive Cells. We found in previous studies on neuroepithelial stem (NEP) cells undergoing differentation in vitro that the first antigenic marker that appears to define GRP cells is the A2B5 mAb (23) , which also labels O-2A progenitor cells (32) and spinal cord-derived astrocyte precursor cells (12, 33) . We therefore analyzed the appearance of A2B5 labeling in the developing spinal cord to determine whether this marker might be useful in identifying early appearing glial precursor cells developing in vivo.
We first detected A2B5 labeling in spinal cords of E13.5 rats. In agreement with our previous analyses of NEP cells, no A2B5 labeling was detected in the E10.5 spinal cord. Labeling was seen first in the central zones of the spinal cord ( Fig. 1) . On subsequent days, labeling was localized predominantly to the ventral region of the cord (data not shown), much as has been shown for labeling with the 04 antibody in the chicken (34) and with anti-PDGF receptor antibodies in the rat (35) . The staining observed with the A2B5 antibody did not overlap with the staining pattern obtained with antibody directed against polysialylated neural cell adhesion molecule (E-NCAM), a marker of neuroblasts (24, 36) . The appearance of A2B5 labeling also was preceded by several days before the first appearance (at E16) of GFAP, an astrocyte-specific cytoskeletal protein (30, 37) .
A2B5؉ Immunoreactive Cells from E 13.5 Spinal Cord Differentiate into Oligodendrocytes and Two Different Astrocyte Populations. To determine the differentiation potential of the A2B5 ϩ cells present in E13.5 rat spinal cord, we immunopurified these cells and grew them in culture conditions previously shown to allow, or promote, differentiation of NEP, glial, and neuronal precursor cells. Described in more detail in Discusssion, growth of these A2B5 ϩ cells in medium supplemented with either fetal calf serum (FCS) or PDGF ϩ thyroid hormone (T3) was associated with the generation of oligodendrocytes (identified by expression of GalC (27) and two different populations of astrocytes (see Fig. 2 ). No neurons were generated in these cultures, as indicated by a lack of any cells expressing the neuron-specific markers ␤-III tubulin (38, 39) or neurofilament protein (29) , or the neuroblast marker E-NCAM (24) . In contrast, NEP cells and E-NCAM ϩ neuroblasts differentiate into neurons in these conditions (23, 24, 26) . In addition, no neurons were generated in other culture conditions previously found to promote neuronal generation [including growth in the presence of bFGF alone (bFGF ϩ neurotrophin-3 or PDGF ϩ retinoic acid); unpublished observations]. Thus, the A2B5 (Fig. 2) . Immunopurified GRP cells were plated at cloning density in grid dishes (Nunclon, Naperville, IL). Wells containing single A2B5 ϩ cells were identified (see Materials and Methods). Cells were induced to divide for five days, after which one-half of the clones were switched to growth in the presence of 10% FCS to promote differentiation into astrocytes, whereas the other one-half were grown in conditions known to promote oligodendrocyte generation. Cells were grown an additional five days and analyzed. Virtually all clones developing in the presence of FCS contained a mixture of A2B5 The above results were not due to differential selection of separate precursor cell populations in the different growth conditions. In Ͼ90% of cases, wells that contained viable cells GRP cells growing in PDGF ϩ bFGF could be recloned extensively. Five primary clones randomly were chosen for further propagation. These each yielded from 66 to 260 secondary clones (Fig. 3) . From each of these sets of secondary clones, three to five clones again were chosen randomly for further propagation, and these clones each yielded from 2 to 132 tertiary clones. Clones were then switched to growth in medium supplemented either with FCS or with PDGF ϩ T3, and three randomly chosen tertiary derivatives of each of the primary clones were analyzed in each condition.
Tertiary clones of GRP cells exhibited an identical pattern of differentiation to primary clones. The derivatives of all of the five initial randomly chosen clones yielded A2B5 In dishes of primary clones switched to FCS, all clones generated A2B5 ϩ and A2B5 Ϫ astrocytes. Clones grown in PDGF ϩ T3 contained oligodendrocytes and GRP cells but few astrocytes. The total of 132 clones in FCS and 81 clones in PDGF ϩ T3 represents the sum of three independent experiments. To examine whether GRP cells were capable of extensive self-renewal without loss of differentation potential, five primary clones were recloned in PDGF ϩ bFGF. Three to five clones were selected randomly from each set of secondary clones and recloned a third time. Dishes were switched to medium containing either FCS or PDGF ϩ T3, and in each condition, three descendant clones of each initial clone were chosen for analysis thus yielding the 15 clones analyzed in each condition. As shown, the ability of the freshly cloned GRPs to differentiate into oligodendrocytes and two types of astrocytes was retained fully, even after tertiary cloning. (C-F) A single primary A2B5 ϩ clone that was recloned into separate dishes and induced to differentiate for 5 days in the presence of PDGF ϩ T3 (C and D) or FCS (E and F), after which cultures were immunolabeled. A2B5 staining (D and F) is red, anti-GalC staining (C) is green, and anti-GFAP staining (E) is blue. A clone derived from a single A2B5 cell can differentiate into A2B5 ϩ GFAP ϩ astrocytes (arrows in E and F), A2B5 Ϫ ͞GFAP ϩ astrocytes (unlabeled nonprocess-bearing astrocytes in E, and A2B5 Ϫ GalC ϩ oligodendrocytes (C). This recloning experiment was repeated three times, from three independent dissections, with identical results. In addition to the above differences, GRP cells and O-2A progenitors induced to divide by growth in the presence of bFGF had distinctly different morphologies. As seen previously (11, 44) , O-2A progenitor cells grown in DMEM-BS supplemented with bFGF were multipolar cells. In contrast, GRP cells grown in these conditions were unipolar or bipolar. One similarity between O-2A progenitor cells and GRP cells was that both cell types expressed receptor for T3 ( Fig. 2; ref. 45). Moreover, as seen for O-2A progenitor cells (42) , even though thyroid hormone was not required for the generation of oligodendrocytes from GRP cells, its application was associated with an increased number of oligodendrocytes in the cultures (data not shown).
The Response of GRP Cells to Inducers of Astrocyte Differentiation Differs from the Response of O-2A Progenitor Cells. Whereas O-2A progenitor cells exposed to FCS differentiated into process-bearing A2B5 ϩ GFAP ϩ type 2 astrocytes (32, 46) , GRP cells exposed to FCS differentiated predominantly (Ͼ90%) into nonprocess bearing GFAP ϩ astrocytes that were A2B5 Ϫ (Fig. 2) . Preferential generation of processbearing A2B5 ϩ GFAP ϩ astrocytes by GRP cells could be induced, however, by exposure of cells to ciliary neurotrophic factor (CNTF) ϩ bFGF. O-2A progenitor cell cultures grown in this condition again differed from GRP cells in their differentiation and consisted predominantly of progenitor cells, some oligodendrocytes (47), and rare type 2 astrocytes.
The Two Astrocyte Populations Generated from GRP Cells Are Distinct in Several Characteristics. The two astrocyte phenotypes generated from GRP cells were stable in vitro, suggesting that these cells represent distinct astrocyte populations. We therefore examined the expression by these astrocytes of other markers (Fig. 6 ). A2B5 Up to five different classes of astrocytes have been observed in cultures derived from embryonic spinal cord (21) . Presently available markers do not enable us to easily determine how many of these astrocyte classes might be obtained from GRP cells grown in different conditions. At least two of these astrocyte phenotypes are, however, similar to the astrocyte phenotypes generated from GRPs. Moreover, it is intriguing that the two astrocyte populations we have described exhibit several similarities with two previously described astrocyte populations found in cultures of rat optic nerve and cortex (46)-it has been noted that ''type 2'' astrocytes derived from O-2A progenitor cells are multipolar A2B5 (18, 46) . These phenotypes are similar to those expressed by the GRP-cell derived astrocytes. Similarities between these populations and the GRP cellderived astrocytes extend also to the distribution of FGFR3, which we have found to be present on type 1, but not type 2, astrocytes (unpublished observations.) We feel it is premature, however, to assign the ''type 1'' and ''type 2'' terminologies to the GRP-cell derived astrocytes, especially in light of the previously mentioned observations that the spinal cord may contain as many as five distinct astrocyte populations (21) .
If GRP cells are the earliest glial precursor cell, it will be important to determine whether such cells are the ancestors of all other glia (Fig. 7) . It could be that NEP cells give rise to a variety of glial precursor cells, perhaps giving rise to different anti-GFAP (green), and anti-GalC (blue) antibodies. GRP cells exposed to bFGF ϩ CNTF differentiated almost entirely into A2B5 ϩ process-bearing astrocytes, and those cells exposed to FCS differentiated almost entirely into flattened A2B5 Ϫ astrocytes with a fibroblast-like morphology. Oligodendrocytes were seen only rarely in either of these conditions. In contrast, O-2A progenitor cell cultures exposed to bFGF ϩ CNTF contained progenitor cells, oligodendrocytes, and rare type 2 astrocytes (the panel chosen was selected specifically as all three cell types were present in a single field of view but underrepresents the ratio of oligodendrocytes to type 2 astrocytes; see also ref. 25) , whereas cultures exposed to FCS showed extensive differentiation into type 2 astrocytes (32, 46) . The experiments were repeated three times with identical results. (24) . In analogy with the proposed early segregation of myeloid and lymphoid lineages from the totipotent hematopoietic stem cell, it is possible that NEP cell-derived GRP and neuron-restricted precursor cells represent the canonical lineage-restricted blast cells of the CNS.
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